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Abstract
 .G-protein-coupled seven-transmembrane segment -receptors represent a major group of metazoan receptors, involved in
transduction of extracellular signals. The G-proteins, which are made up of Garbrg-subunits, link the receptors to the
 .effector system s . To analyze the phylogenetic relationships among the metazoan a-subunits of G-proteins, cDNAs of
a-subunits were isolated from Geodia cydonium, a marine sponge belonging to the lowest metazoan phylum, Porifera. One
 .encodes a putative isotype of a stimulator of the adenylyl cyclase G , another one a putative inhibitor of the adenylyla s
 .  .cyclase G and the third one a putative activator of phospholipase C G . In addition one putative b-subunit wasa iro a q
 . cloned from the same species. The deduced amino acid sequences of the sponge G - putative M 44 749 , the G - Ma s r a iro r
.  .41 064 and the G subunits M 41 363 were found to display high similarity with the corresponding sequences froma q r
higher Metazoa, and are only distantly related to those of slime mold, yeast or plants. Of lower similarity are the sequences
of the b-subunits among animals and plants, thus not allowing robust grouping. These data demonstrate that the
phylogenetic relationships, obtained from analyses of the a subunits from metazoan G-proteins, support the conclusion that
all metazoan phyla, including the Porifera are of monophyletic origin. q 1998 Elsevier Science B.V.
 .Keywords: Porifera; Sponge; Monophyly; Molecular phylogeny; Evolution; Geodia cydonium
1. Introduction
In multicellular organisms the cells are under pre-
cise control of a variety of extracellular signals allow-
ing development and homeostasis of tissue and or-
gans. The major cell surface receptors in Metazoa are
the receptor tyrosine kinases, the cytokine receptors,
) Correspondence author. Fax: 49 6131 395243.
1 The sequences reported here have been submitted to the
EMBLrGenBank data base; Geodia cydonium G-proteins; a-
w x w xsubunit G accession no. Y14249 , G Y14247 and Gas a iro a q
w x w xY14248 as well as the b-subunit Y14250 .
the SerrThr kinase receptors and the G-protein-
 .seven-transmembrane segment -coupled receptors
 . w w xx7-TM receptors reviewed: 1 . The phylogeneti-
cally oldest receptor tyrosine kinase in Metazoa has
been described from Porifera, in the demosponge
Geodia cydonium Porifera, Demospongiae, Tetracti-
. w xnomorpha, Astrophorida, Geodiidae 2,3 . In contin-
uation of the elucidation of the signal transduction
pathways in early metazoans, a first G- guanine nu-
.cleotide binding -protein-coupled receptor has been
cloned from the same sponge, a metabotropic-gluta-
mate receptor which in higher Metazoa is present
w xonly in neuronal cells 4 .
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Genes encoding G-proteins have been isolated from
w xMetazoa, Planta and Fungi 5 . The existence of
7-TM receptors with which the G-proteins interact
w x w xhas been proven in Metazoa 1 and Fungi 6 sug-
w xgesting that they exist in Eukarya in general 7 .
Since it can be postulated that the variety of 7-TM
receptors is more complex in Metazoa than in Proto-
w xzoa and Yeast 6 , it can also be expected, that the
 .function s of the G-proteins have reached a higher
level of diversification, which should also result in a
higher degree of sequence variations.
It was the aim of this study to isolate cDNAs
encoding putative G-proteins, a- and b-subunits, from
the sponge G. cydonium. No attempts have been
undertaken to isolate a g-subunit from this sponge,
since it is known that sequences from species of
higher metazoan phyla display only very low similar-
ities.
w xFig. 1. Alignment of the aa sequence deduced from the cDNA coding for G-protein , from G. cydonium GBAS_GEOCY andas
w w xx wcorresponding sequences from the vertebrates: human GBAS_HUMAN, accession no. M21139; 22 , mouse GBAS_MOUSE, P04894;
w xx w w xx w w xx23 and Xenopus lae˝is GBAS_XENLA, P24799; 24 , the invertebrates: Drosophila melanogaster GBS1_DROME, P20354; 25
w w xx w w xxand Lymnaea stagnalis GBAS_LYMST, P30684; 26 as well as from the plant Arabidopsis thaliana GBA1_ARATH, P18064; 27 .
w x w xThe putative palmitoylation Pal and choleratoxin CT modification sites as well as the sequence motifs G1–G5 are marked. Identical aa
residues in all sequences are shown in inverted type, while residues conserved in at least half of the sequences are shaded.
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2. Materials and methods
2.1. Materials
Restriction endonucleases and other enzymes for
recombinant DNA techniques and vectors were ob-
 .tained from Stratagene La Jolla, CA; USA , QIA-
 . GEN Hilden; Germany and Boehringer Mannheim;
.Germany .
2.2. Isolation of cDNAs encoding putati˝e G-proteins
The cDNAs of two putative Ga-subunits and one
putative Gb-subunit were isolated by polymerase
w xFig. 2. Alignment of the deduced aa sequence of G from G. cydonium GBA0_GEOCY and the related sequences from thea iro
w w xx w w xx w w xxvertebrates: human GB01_HUMAN, P09471; 28 , mouse GB01_MOUSE, P18872; 29 and X. lae˝is GB0_XENLA, P10825; 30 ,
w w xx w w xxthe invertebrates: D. melanogaster GB01_DROME, P16378; 31 , L. stagnalis GB0_LYMST, P30683; 26 and Caenorhabditis
w w xx w w xx w xelegans GB0_CAEEL, P51875; 32 and the plant A. thaliana GB0_ARATH, G71923; 27 . The putative palmitoylation Pal as well
w xas the myristoylation site Mys and the sequence motifs G1–G5 are indicated.
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w xchain reaction PCR from a G. cydonium cDNA
w xlibrary 8 in lambda ZAPII.
The cDNAs of the putative a-subunits G andas
G as well as of the b-subunit were identified andaq
isolated by use of degenerate reverse primers Gal-
pha1R: 5X-TCYTKCTTGTTSAGGAABAGRAT-3X
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w x Xfor a-subunits G and G and Gbeta2R: 5 -TC-as a q
CTGRTCRGCMCGMAKRTCRAA where M s
ArC, K s GrT, R s ArG, Y s CrT, S s
. w xGrC and B s GrCrT for the b-subunit in
conjunction with the ZAPII 5X-end vector-specific
primer T3. The PCR reaction mixtures of 50 ml in-
cluded 10 pmoles of the degenerate primer for the
.respective G-protein subclass and 10 pmoles of the
 .primer T3 Stratagene , 200 mM of each nucleotide,
 92.5 ml of the cDNA library approximately 2=10
. pfu and 2.5 units of Taq DNA polymerase Boeh-
.ringer Mannheim . PCR amplifications were run on a
 .GeneAmp 9600 thermal cycler Perkin Elmer with
the following cycling parameters: an initial denatura-
tion at 958C for 3 min, then 35 cycles of 958C for
30 s, 568C – 30 s, 728C – 90 s, and a final extension
step at 728C for 10 min. After electrophoresis bands
were observed in the ethidium bromide-stained gel,
ranging between 0.9 kb and 1.3 kb in length both for
Ga and Gb. Amplification products were purified
 .through a QIAquick Spin column QIAGEN , cloned
 .in bulk into pGEM-T Promega and more than three
independent clones for each type of subunit were
sequenced by use of the ‘‘Thermosequenase fluores-
cent labelled primer cycle sequencing kit’’ with 7-
 .deaza-dGTP Amersham, Braunschweig; Germany .
The two sponge a-subunits were termed GCGBAS
w x w xa-subunit G and GCGBAQ G , the b-subunitas a q
was termed GCGBB1. Based upon the 5X-end se-
quences of GCGBAS, GCGBAQ and GCGBB1 spe-
cific forward primers have been designed for PCR
cloning of the C-termini from the cDNA library, in
conjunction with the ZAPII 3X-end vector-specific
primer T7. PCR reactions were as above except that
10 pmoles each of the internal forward primers and
 .T7 Stratagene primers and an annealing temperature
of 588C were used. The amplification products were
cloned and sequenced.
w xThe third Ga subunit G subunit was founda iro
by plaque hybridization. Screening of the cDNA
w xlibrary from G. cydonium 8 was performed under
low stringency hybridization conditions of plaque
lifts from 3=105 pfu on nitrocellulose using the
w xcDNA of GCGBAS as a probe 9 . Filters were
hybridized overnight at 428C in 35% formamide,
5=SSC, 0.02% NaDodSO , 0.1% N-lauroylsarco-4
sine and 1,5% blocking reagent. The cDNA-probe
was labelled with digoxygenin-11-dUTP using the
 .random primed labelling kit Boehringer . Filters were
washed twice in 2=SSC, 0.01% NaDodSO at room4
temperature, followed by two additional washes in
 .0.5=SSC, 0.1% NaDodSO 428C . Positive clones4
were detected with an alkaline phosphatase conju-
gated anti-digoxygenin antibody using BCIPrNBT
5-bromo-4-chloro-3-indolyl phosphaternitroblue te-
. w xtrazolium as substrate 10 . Single phage plaques
were obtained by two additional screening cycles.
Following an in vivo excision procedure, phagemids
 y.pBluescript SK were excised from lambda phages
using the filamentous helper phage R408 and the E.
coli strain XL-1-blue. This third sponge Ga clone
was named GCGBA0.
DNA sequencing was performed with an automatic
w xDNA sequenator Li-Cor 4000s .
2.3. Sequence comparisons
Sequences were analyzed using the computer pro-
w xgrams PCrGENE 11 , and via internet using the
BLAST, BLITZ and FASTA search algorithms. Mul-
tiple alignment - the default options were used - was
w xperformed with CLUSTAL W version 1.6 12 , and
the graphic presentation was composed with Gene-
w xDoc 13 . Phylogenetic trees were constructed on the
w xbasis of aa amino acid sequence alignment by
neighbour-joining applying ‘‘Neighbor’’ program
w xfrom the PHYLIP package 14 ; the distance matrix
w xwas calculated as described 15 . The degree of sup-
w x wFig. 3. Alignment of the deduced sponge G aa sequence GBAQ_GEOCY with the vertebrate sequences: human GBQ_HUMAN,aq
w xx w w xx w w xx2204262A; 33 , mouse GBQ_MOUSE, P21279; 34 and X. lae˝is GBQ_XENLA, P38410; 35 , the invertebrates: D. melanogaster
w w xx w w xx w w xxGBQ3_DROME, P54400; 36 , L. stagnalis GBQ_LYMST, P38411; 37 and C. elegans GBQ_CAEEL, U56864; 38 , slime
w w xx w w xxmoldryeast: Dictyostelium discoideum GBA5_DICDI, P34043; 39 , Neurospora crassa GBA2_NEUCR, Q05425; 40 and Saccha-
w w xx w xromyces cere˝isiae GBA1_YEAST, G120991; 41 . The palmitoylation site Pal as well as the motifs G1–G5 are indicated. The yeast
w xsequence has been truncated at aa position 102–211 according to Lambright et al. 42 ; the numbers indicate the aa position of the
sequences shown.
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w x wFig. 4. Alignment of sponge G deduced aa sequence GBB1_GEOCY with the vertebrate sequences: human GBB1_HUMAN, P04901;b
w xx w w xx w w xx43 , mouse GBB5_MOUSE, P54314; 44 and X. lae˝is GBB_XENLA, X86969; 45 , the invertebrates: D. melanogaster
w w xx w w xx w w xxGBB1_DROME, P26308; 46 , L. stagnalis GBB_LYMST, Q08706; 47 and C. elegans GBB_CAEEL, P17343; 48 , slime
w w xx w w xx wmoldryeast: D. discoideum GBB_DICDI, P36408; 49 , S. cere˝isiae GBB_YEAST, P18851; 50 and A. thaliana GBB_ARATH,
w xx wP49177; 51 . The WD motifs WD1 - WD7 are indicated. Again, the yeast sequence has been truncated at two positions aa 1–30 and
x w x310–350 according to Sondek et al. 52 ; the numbers indicate the aa position of the sequences shown.
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port for internal branches was further assessed by
w xbootstrapping 14 .
3. Results and discussion
3.1. Isolation and analysis of cDNA clones encoding
G-protein a-subunits
cDNAs encoding putative G-protein a-subunits
have been isolated from a cDNA library of G. cydo-
nium. The cDNAs for the a-subunits, G and G ,as a q
were isolated by PCR, using degenerate primers,
while the G subunit was obtained by plaquea iro
hybridization, as outlined under Section 2. Three
different sequences have been identified, whose de-
duced aa sequences allowed assignments of them to
 .three of the four known subclasses: i the stimulators
w x  .of the adenylyl cyclase G , ii the inhibitors of theas
w x  .adenylyl cyclase G and iii the activators ofa i
w xphospholipase C G . The classification of the iso-aq
w xtypes has been taken from Simon et al. 16 .
3.1.1. Cloning of the G subunita s
The cDNA clone is 1725 bp long, and termed
w xGCGBAS. The open reading frame ORF in GCG-
w  . xBAS is 1143 bp long nt nucleotide 333–1475 and
encodes a putative 381 aa long protein with a pre-
ww x xdicted M of 44 749 and a pI of 8.2 11 - Physchem .r
The deduced aa sequence is termed GBAS_GE-
Fig. 5. Unrooted phylogenetic trees computed from the G-protein sequences, used in the above mentioned alignments. The analysis was
performed by neighbour-joining as described under Section 2. The numbers at the nodes refer to the level of confidence as determined by
w xbootstrap analysis 1000 bootstrap replicates . Scale bars indicate an evolutionary distance of 0.1 aa substitutions per position in the
sequence. A. G sequence from G. cydonium in comparison to the sequences analysed in Fig. 1. B. Analysis of the G sequence fromas a iro
 .  .G. cydonium Fig. 2 . C. Rooting of sponge G sequence Fig. 3 . D. Tree built from the sponge G sequence with selected sequencesaq b
shown in Fig. 4.
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OCY and is shown in Fig. 1; similarity searches
revealed that it belongs to the isotype G . Theas
characteristic sites of the sequence, the palmitoylation
w xsite C , the putative cholera toxin modificationaaa3
w xsite R as well as the sequence motifs G1aaa186
w which reads in G. cydonium: GAGESGKS the con-
.x w xsensus aa are italicized , G2 DILRCRVLT , G3
w  . x w xG a related aa to D VGG , G4 NKQD and G5
w xT TAVDT are indicated in legend to Fig. 1.
3.1.2. Cloning of the G subunita i r o
The 1464 bp long cDNA clone, encoding the puta-
tive G subunit was named GCGBA0. The ORF ina iro
w xGCGBA0 nt 49–1125 is 1077 bp long and encodes a
359 aa long protein, GBA0_GEOCY, with a pre-
dicted M of 41 064; the pI is 6.5.r
The deduced aa sequence of this sponge subunit
displays highest similarity to form G within theao
group of G proteins; therefore we termed the spongea i
sequence G . The characteristic sites present ina iro
w xthis sequence are: the putative palmitoylation Caaa4
w xand myristoylation site G ; the characteristic mo-aaa2
w x w xtifs G1 GAGESGKS , G2 DVLRSRVQT , G3
w x w x w xDVGG , G4 NKA D and G5 T TATDT are pre-
 .sent Fig. 2 .
3.1.3. Cloning of the G subunita q
The 1519 bp long cDNA, GCGBAQ has an ORF
w xof 1065 bp nt 112–1176 which encodes a putative
355 aa long protein with a predicted M of 41 363r
and a pI of 6.7.
Based on sequence similarity searches this G -aq
subunit, termed as GBAQ_GEOCY, belongs to the
isotype G . The motifs, found in other a subunitsaq
 .are present also in this sponge sequence Fig. 3 .
3.2. Cloning of the sponge G-protein b-subunit
w xThe cDNA size: 1225 nt , GCGBB1, has an ORF
of 1113 bp, ranging from nt 22 to nt 1134, which
encodes a putative protein sequence of 371 aa
w xGBB1_GEOCY . Similarity searches show, that this
deduced protein has to be classified as a putative
b-subunit of heterotrimeric G-proteins. The calcu-
lated M is 41 173 at an pI of 6.3.r
 .The motifs, characteristic for b-subunits, i the
N-terminal amphipathic a helix ranges from aa 1 to
 .59 and ii the seven WD repeats are found in this
 . w x w xsequence Fig. 4 ; WD 1 60–104 , WD 2 105–145 ,
w x w x w xWD 3 146–199 , WD 4 200–243 , WD 5 244–285 ,
w x w xWD 6 286–329 and WD 7 330–371 .
3.3. Phylogenetic analysis
While a series of G-proteins have been isolated
from higher vertebrates, only few sequences have
been identified in invertebrates, plants, yeast, fungi
and Dictyostelium discoideum. For the phylogenetic
analyses we have selected the vertebrate sequences
from human, mouse and the frog Xenopus lae˝is,
and the invertebrate sequences from the snail Lym-
naea stagnalis, the fruit fly Drosophila melanogaster,
and the nematode Caenorhabditis elegans. In addi-
tion, where available, the related sequences from the
slime mold D. discoideum, the yeast Saccharomyces
cere˝isiae, the fungus Neurospora crassa as well as
the plant Arabidopsis thaliana were used for the
analyses.
3.3.1. Analysis of the G subunita s
On the aa level, the putative G subunit of theas
wsponge showed the following degree of identity simi-
xlarity to the sequences included in this comparison;
w x w xhuman 57% 72% , mouse 57% 72% , X. lae˝is 59%
w x w x75% , D. melanogaster 62% 75% and L. stagnalis
w x61% 75% ; the similarity to A. thaliana is low 27%
w x49% . Based on these relationships it becomes evi-
dent that the sponge sequence clusters together with
the other metazoan sequences and is only distantly
 .related to the plant sequence Fig. 5A . The robust-
ness of the inferred phylogenies was tested by boot-
strapping and revealed that the branching of
GBAS_GEOCY from L. stagnalis and D.
melanogaster and especially to the vertebrate se-
w xquences are of high significance 100% .
3.3.2. Analysis of the G subunita i r o
A similar high and statistically significant relation-
ship of the deduced aa sequence was found for the
 .sponge G subunit GBA0_GEOCY Fig. 5B ; hu-a iro
w x w xman 50% 68% , mouse 49% 68% , X. lae˝is 48%
w x w x67% , D. melanogaster 48% 66% , L. stagnalis
w x w x48% 66% and C. elegans 47% 66% ; again the
similarity to A. thaliana is significantly lower 32%
w x56% . The grouping of the sponge sequence on the
basis of the metazoan kingdom is significant, as
analysed by bootstrapping.
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3.3.3. Analysis of the G subunita q
A clear positioning of the sponge deduced aa
sequence GBAQ_GEOCY within the correspond-
ingrrelated metazoan- and non-metazoan sequences
could be established by phylogenetic analysis Fig.
.5C . Based on the distinct differences in the degree of
w xidentical similar aa, the sponge sequence could again
be located at the basis of the Metazoa, a finding
which could be supported also by bootstrap analysis.
The homologies found in this comparison are as
w x w xfollows; human 60% 75% , mouse 60% 75% , X.
w x w xlae˝is 61% 76% , D. melanogaster 61% 76% , L.
w x w xstagnalis 60% 76% and C. elegans 59% 76% ; the
similarity to the sequence from S. cere˝isiae 39%
w x w x60% , N. crassa 45% 66% and D. discoideum 41%
w x61% are significantly lower.
Fig. 6. Phylogenetic analysis by neighbour-joining of the WD
wrepeats of the b-subunits of G-proteins from the sponge GEO-
x w x w xDIA , human HOMO , D. melanogaster DROSO and D. dis-
w xcoideum DICDI . The WD repeats are numbered from one
w x w xWD1 to seven WD7 according to the presence within the
sequence from the N-terminus to the C-terminus. Results from
w xbootstrap analysis 10000 bootstrap replicates and estimation of
wevolutionary distance are given 0.1 aa substitutions per position
xin the sequence . The groups of repeating units - 1 to 7 - are
indicated.
3.3.4. Analysis of the b-subunit
In contrast to the comparisons of the a-subunits
which revealed an unequivocal positioning of the
sponge sequence into the metazoan taxa, the analysis
of the b subunits allows no significant grouping Fig.
.5D . The reason for this result is the fact that the
w xdegree of identity similarity among the aa sequence
is almost the same irrespective of the sequences
w xchosen; the values range only between 40% 60%
w xand 32% 51% . The bootstrap analysis revealed that
the branching of the sponge sequence from the corre-
spondingrrelated sequences from mouse, A. thaliana,
S. cere˝isiae is of low statistical significance.
w xFrom the data published earlier 17 it is known
that the characteristic WD repeats in the b-subunits
group together. In the present study the analysis was
performed with the WD repeats from the sponge G.
w x w xcydonium GEODIA in Fig. 6 , human HOMO , D.
w xmelanogaster DROSO and putative b-subunit se-
w xquences from D. discoideum DICDI . The results in
Fig. 6 show that the WD repeats from the b-subunits
cluster together at equivalent positions, even though
the sequences have been obtained from distantly re-
lated organisms. It is interesting to note that all seven
sponge repeating units are branching off first from
the common ancestor, while the units from D. dis-
coideum, D. melanogaster and human derived later.
4. Conclusion
The data summarized in the present study demon-
strate that the putative a-subunits of G-proteins de-
duced from the cDNAs, isolated from the sponge G.
cydonium, share highest similarity to a common an-
cestor of Metazoa. This finding supports the notion
that during evolution of Metazoa from the lowest
invertebrate phylum to the vertebrates, the G-proteins
reached a higher degree of complexity within the
signal transduction pathways. As shown here, espe-
cially the a subunit which interacts with 7-TM recep-
tors diverged strongly during this process. This find-
ing implies that the larger variety of a-subunits
found in higher Metazoa allows the 7-TM receptors
to interact with multiple a-subunits in different G-
proteins and in turn to regulate multiple effector
proteins. The degree of flexibility of a cell from a
higher metazoan species increases further since the
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number of combinations of a- as well as brg-sub-
units grows as well. In consequence, the network of
‘‘cross-talks’’ within the chain Y 7-TM receptors )
G-proteins ) effector systems" becomes more com-
plex in cells from higher Metazoa.
In conclusion, the data presented here demonstrate
that the a-subunits from metazoan G-proteins, due to
their high similarity of the deduced aa sequences,
different than in the b subunits, cluster together in an
order which is in accordance with the zoological
wclassification system; diploblastic animals Porifera
 .x w G. cydonium : Pseudocoelomata Nematoda C. ele-
.x w  .gans : Protostoma Mollusca L. stagnalis ; Arthro-
 .x wpoda D. melanogaster : Deuterostoma Chordata
 .xX. lae˝is, mouse and human . These data support
the conclusion drawn from the phylogenetic analyses
based on aa sequences of adhesion molecules galec-
w x.  w xtin 8 and adhesion receptors integrin receptor 18 ,
 .as well as receptor s featuring scavenger receptor
w x.cysteine-rich domains 19 that all metazoan phyla,
including the Porifera are of monophyletic origin
w x20,21 .
Acknowledgements
This work was supported by grants from the the
 .Deutsche Forschungsgemeinschaft Mu 348r13-1¨
and the International Human Frontier Science Pro-
 .gram RG-333r96-M .
References
w x1 C.H. Heldin, M. Purton, Signal transduction, Chapman and
Hill, London, 1996.
w x2 H. Schacke, H.C. Schroder, V. Gamulin, B. Rinkevich, I.M.¨ ¨
 .Muller, W.E.G. Muller, Mol. Membr. Biol. 11 1994 101–¨ ¨
107.
w x3 W.E.G. Muller, H. Schacke, Prog. Mol. Subcell. Biol. 17¨ ¨
 .1996 183–208.
w x4 W.E.G. Muller, S. Perovic, A. Krasko, E. Meesters,¨
 .BioSpectrum 3 1997 81–83.
w x5 S. Watson, S. Arkinstall, The G-protein linked receptor
FactsBook, Academic Press, London, 1994.
w x  .6 N.E. Jeansonne, Proc. Soc. Exp. Biol. Med. 206 1994
35–44.
w x  .7 G. Csaba, Prog. Mol. Subcell. Biol. 17 1996 1–28.
w x8 K. Pfeifer, M. Haasemann, V. Gamulin, H. Bretting, F.
 .Fahrenholz, W.E.G. Muller, Glycobiology 3 1993 179–¨
184.
w x9 F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.A.
Smith, J.G. Seidmann, K. Struhl, Current Protocols in
Molecular Biology, John Wiley, New York, 1995
w x10 M.S. Blake, K.H. Johnston, G.J. Russell-Jones, E.C.
 .Gotschlich, Anal. Biochem. 136 1984 175–179.
w x11 PCrGENE 1995. Data Banks CD-ROM; Release 14.0. In-
telliGenetics, Inc. Mountain View, CA.
w x12 J.D. Thompson, D.G. Higgins, T.J. Gibson, Nucleic Acids
 .Res. 22 1994 4673–4680.
w x13 K.B. Nicholas, H.B. Nicholas Jr., GeneDoc version 1.1.004.,
1996.
w x14 J. Felsenstein, PHYLIP, ver. 3.5. University of Washington,
Seattle, 1993.
w x15 M.O. Dayhoff, R.M. Schwartz, B.C. Orcut, in: M.O. Day-
 .hoff Ed. , Atlas of Protein Sequence and Structure, vol.
5-suppl. 3, Washington DC, Nat. Biomed. Res. Foundation,
1978, pp. 345–352.
w x16 M.I. Simon, M.P. Strathmann, N. Gautam, Science 252
 .1991 802–808.
w x  .17 E.J. Neer, Cell 80 1995 249–257.
w x18 Z. Pancer, M. Kruse, I. Muller, W.E.G. Muller, Mol. Biol.¨ ¨
 .Evol. 14 1997 391–398.
w x19 Z. Pancer, J. Munkner, I. Muller, W.E.G. Muller, Gene 193¨ ¨ ¨
 .1997 211–218.
w x20 V. Gamulin, B. Rinkevich, H. Schacke, M. Kruse, I.M.¨
Muller, W.E.G. Muller, Biol. Chem. Hoppe-Seyler 375¨ ¨
 .1994 583–588.
w x  .21 W.E.G. Muller, Naturwissenschaften 82 1995 321–329.¨
w x22 T. Kozasa, H. Itoh, T. Tsukamoto, Y. Kaziro, Proc. Natl.
 .Acad. Sci. U.S.A. 85 1988 2081–2085.
w x  .23 T. Rall, B.A. Harris, FEBS Lett. 224 1987 365–371.
w x24 J. Olate, S. Martinez, P. Purcell, H. Jorquera, J. Codina, L.
 .Birnbaumer, J. Allende, FEBS Lett. 268 1990 27–31.
w x25 F. Quan, W.J. Wolfgang, M.A. Forte, Proc. Natl. Acad. Sci.
 .U.S.A. 86 1989 4321–4325.
w x26 J.C. Knol, W. Weidemann, R.J. Planta, E. Vreugdenhil, H.
 .van Heerikhuizen, FEBS Lett. 314 1992 215–219.
w x27 H. Ma, M.F. Yanofsky, E.M. Meyerowitz, Proc. Natl. Acad.
 .Sci. U.S.A. 87 1990 3821–3825.
w x28 T. Tsukamoto, R. Toyama, H. Itoh, T. Kozasa, M. Mat-
 .suoka, Y. Kaziro, Proc. Natl. Acad. Sci. U.S.A. 88 1991
2974–2978.
w x29 M. Strathmann, T.M. Wilkie, M.I. Simon, Proc. Natl. Acad.
 .Sci. U.S.A. 87 1990 6477–6481.
w x30 J. Olate, H. Jorquera, P. Purcell, J. Codina, L. Birnbaumer,
 .J.E. Allende, FEBS Lett. 244 1989 188–192.
w x31 N.C. Thambi, F. Quan, W.J. Wolfgang, A. Spiegel, M.
 .Forte, J. Biol. Chem. 264 1989 18552–18560.
w x32 M.A. Lochrie, J.E. Mendel, P.W. Sternberg, M.I. Simon,
 .Cell Regul. 2 1991 135–154.
w x33 Q.H. Dong, A. Shenker, J. Way, B.R. Haddad, K.I. Lin,
M.R. Hughes, O.W. McBride, A.M. Spiegel, J. Battey,
 .Genomics 30 1995 470–475.
( )J. Seack et al.rBiochimica et Biophysica Acta 1401 1998 93–103 103
w x34 M. Strathmann, M.I. Simon, Proc. Natl. Acad. Sci. U.S.A.
 .87 1990 9113–9117.
w x35 H. Shapira, J. Way, D. Lipinsky, Y. Oron, J.F. Battey,
 .FEBS Lett. 348 1994 89–92.
w x36 S. Talluri, A. Bhatt, D.P. Smith, Proc. Natl. Acad. Sci.
 .U.S.A. 92 1995 11475–11479.
w x37 J.C. Knol, S. Ramnatsingh, E.R. van Kesteren, J. van Min-
nen, R.J. Planta, H. van Heerikhuizen, E. Vreugdenhil, Eur.
 .J. Biochem. 230 1995 193–199.
w x38 L. Brundage, L. Avery, A. Katz, U.J. Kim, J.E. Mendel,
 .P.W. Sternberg, M.I. Simon, Neuron 16 1996 999–1009.
w x39 J.A. Hadwiger, K. Natarajan, R.A. Firtel, Proc. Natl. Acad.
 .Sci. U.S.A. 88 1991 8213–8217.
w x  .40 G.E. Turner, K.A. Borkovich, J. Biol. Chem. 268 1993
14805–14811.
w x41 M. Nakafuku, H. Itoh, S. Nakamura, Y. Kaziro, Proc. Natl.
 .Acad. Sci. U.S.A. 84 1987 2140–2144.
w x42 D.G. Lambright, J. Sondek, A. Bohm, N.P. Skiba, H.E.
 .Hamm, P.B. Sigler, Nature 279 1996 311–319.
w x43 J. Codina, D. Stengel, S.L. Woo, L. Birnbaumer, FEBS Lett.
 .207 1986 187–192.
w x44 A.J. Watson, A. Katz, M.I. Simon, J. Biol. Chem. 269
 .1994 22150–22156.
w x45 E. Devic, L. Paquereau, K. Rizzoti, A. Monier, B. Kni-
 .biehler, Y. Audigier, Mech. Dev. 59 1996 141–151.
w x46 S. Yarfitz, N.M. Provost, J.B. Hurley, Proc. Natl. Acad. Sci.
 .U.S.A. 85 1988 7134–7138.
w x47 J.C. Knol, E. Roovers, E.R. van Kesteren, R.J. Planta, E.
Vreugdenhil, H. van Heerikhuizen, Biochem. Biophys. Acta
 .1222 1994 129–133.
w x48 L. Van der Voorn, M. Gebbink, R.H. Plasterk, H.L. Ploegh,
 .J. Mol. Biol. 213 1990 17–26.
w x49 P. Lilly, L. Wu, D.L. Welker, P.N. Devreotes, Genes Dev. 7
 .1993 986–995.
w x50 M. Whiteway, L. Hougan, D. Dignard, D.Y. Thomas, L.
Bell, G.C. Saari, F.J. Grant, P. O’Hara, V.L. MacKay, Cell
 .56 1989 467–477.
w x51 C.A. Weiss, C.W. Garnaat, K. Mukai, Y. Hu, H. Ma, Proc.
 .Natl. Acad. Sci. U.S.A. 91 1994 9554–9558.
w x52 J. Sondek, A. Bohm, D.G. Lambright, H. Hamm, P.B.
 .Sigler, Nature 379 1996 369–374.
